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INTRODUCTION
Intracellular protein migration is fundamental to cellular activities, supplying essential components to functionally specialized regions. Actin and actin-associated proteins that accumulate at a cell's leading edge play key roles in various biological processes including cell polarization, motility, neurite outgrowth, and exocytosis (Madden and Snyder, 1998; Morales et al., 2000; Pollard and Borisy, 2003; Lowery and Van Vactor, 2009) , and it has become increasingly clear that they migrate within the cell. Intracellular migration of actin and actin-associated pro-teins was first detected by radioisotope labeling of anterograde axonal transport (Black and Lasek, 1979; Willard et al., 1979; Bray et al., 1992) . Based on the low velocity ($3 mm/min), their migration was categorized into the slow axonal component. The motor proteins kinesins, dyneins, and myosins, which walk along cytoskeletons, play a key role in the intracellular migration of vesicle-anchored proteins and some cytoplasmic proteins (Vallee and Bloom, 1991; Vale et al., 1996; Hirokawa, 1998; Brown, 2003; Yildiz et al., 2003; Scott et al., 2011) . In contrast, the molecular basis for driving the slow transport of actin and actin-associated proteins along axons remains poorly understood (Brown, 2003) .
More recently, live-cell imaging of cultured cells revealed wave-like migration of actin and associated proteins within various types of cells, including neuronal axons, Dictyostelium, neutrophils, fibroblasts, melanoma cells, and osteosarcoma cells (Ruthel and Banker, 1998; Vicker, 2002a; Gerisch et al., 2004; Giannone et al., 2004; Weiner et al., 2007; Carlsson, 2010a; Allard and Mogilner, 2013) . Previous work has shown that inhibitors of actin polymerization block their generation and migration (Ruthel and Banker, 1998; Toriyama et al., 2006; Weiner et al., 2007; Bretschneider et al., 2009 ). However, how actin polymerization mediates the wave-like migration of actin and associated proteins is unknown (Carlsson, 2010a; Ryan et al., 2012; Allard and Mogilner, 2013) .
To understand the mechanism by which actin and actin-associated proteins migrate within cells, we focused on the actin waves that migrate along the axonal shaft (Ruthel and Banker, 1999; Flynn et al., 2009 ). Because of its simple and long onedimensional morphology, the axonal shaft provides an excellent model system to trace protein migration. In addition, the thin lamellar shape of the growth cone-like ''wave'' structure (Ruthel and Banker, 1998) is particularly suitable for detailed analyses of actin dynamics within it. We find, first, that networks of actin filaments (F-actins) constituting waves undergo directional assembly and disassembly, called array treadmilling (Pollard and Borisy, 2003) , with their polymerizing ends oriented toward their destination, and, second, that the lateral side of F-actins in waves is anchored to the extracellular adhesive substrate. Livecell imaging and mathematical modeling data show that actin and actin-associated proteins migrate, driven by the directional assembly and disassembly of F-actin arrays; traction force microscopy detected counterforces on the substrate concomitant with protein migration. Furthermore, we show that the protein migration driven by this mechanism is crucial for the axonal growth spurt during neuronal polarization. Our findings uncover a molecular mechanism that enables translocation of actin and associated proteins to the cell's leading edge, thereby promoting its protrusive activity.
RESULTS
Actin and Actin-Associated Proteins Migrate Anterogradely along Rapidly Extending Axons as Waves Previous analyses of rat hippocampal neurons in dissociated cultures and tissue slices reported actin waves, which appear repeatedly along axonal shafts and migrate anterogradely toward the growth cone (Ruthel and Banker, 1998; Flynn et al., 2009 ). The axonal actin waves exhibit a growth-cone-like appearance, forming filopodia and lamellipodia on both sides of the neurite shaft (Ruthel and Banker, 1998) . Considerable similarities have been reported between the axonal actin waves and those observed in non-neuronal cells; both waves propagate at velocities of $2-3 mm/min (Ruthel and Banker, 1998; Vicker, 2002a; Weiner et al., 2007; Case and Waterman, 2011) . They display sensitivity to actin-disrupting drugs (Ruthel and Banker, 1998; Weiner et al., 2007; Bretschneider et al., 2009) and are associated with the activation of molecules that promote actin polymerization (Weiner et al., 2007; Asano et al., 2008; Kakumoto and Nakata, 2013) . Furthermore, their arrival at the cellular front induces leading-edge advance (Ruthel and Banker, 1999; Weiner et al., 2007; Gerisch et al., 2012) . The actin waves in neurons are observed preferentially during neuronal polarization and are proposed to play key roles in neuronal symmetry breaking and the subsequent growth spurt of axons (Ruthel and Banker, 1999; Flynn et al., 2009; Inagaki et al., 2011) .
First, we performed live-cell imaging of axonal actin waves using monomeric red fluorescent protein (mRFP)-actin expressed in neurons (Toriyama et al., 2013) . We assumed that the fluorescence of mRFP-actin visualizes F-actin and actin monomer (G-actin) along axonal shafts; although it is difficult to demonstrate that mRFP-actin assembles or is exchanged between G-and F-actin pools in exactly the same ways as endogenous actin, actin molecules tagged with fluorescent proteins have been useful tools to monitor actin dynamics in various types of cells (Watanabe and Mitchison, 2002; Weiner et al., 2007; Toriyama et al., 2013) . Figure 1A and Movie S1 show actin waves in a cultured rat hippocampal neuron, visualized by mRFP-actin together with the volume marker Aequorea coerulescens GFP (AcGFP). As reported previously (Flynn et al., 2009) , substantial concentrations of actin appear repeatedly as boluses (arrowheads) at the base of, or along, the neurite shafts and migrate anterogradely; their arrival at growth cones (asterisks) increases the actin concentration there ( Figure 1B ). Using photoconvertible Dendra-actin, Flynn et al. (2009) demonstrated that the migration of these boluses represents anterograde movement of actin molecules. The actin-associated proteins shootin1 ( Figure S1A ), cortactin ( Figure S1B ), cofilin, Arp2, ezrin, and Slingshot are reported to co-migrate with actin in the wave (Ruthel and Banker, 1998; Toriyama et al., 2006; Flynn et al., 2009) . We also observed similar actin waves in cortical neurons in dissociated cultures and tissue slices (Figures S1C and S1D), indicating that actin waves occur in multiple neuron types not only in vitro but also in situ.
Axonal Actin Waves Are Enriched with F-actins Next, we analyzed the relative content of G-actin and F-actin in actin waves under the assumption that G-actin and F-actin can (C) Orientation of F-actins in actin waves. The black arrow points toward the neurite tip. A histogram of the measured orientation (q) is shown to the right. q = 1.5 ± 6.3 (mean ± SEM, n = 351). Scale bars represent 10 mm (A and C) and 5 mm (B).
be labeled by DNase I and phalloidin, respectively. Although they are reproducibly used as probes (Knowles and McCulloch, 1992; Cramer et al., 2002) , their limitations and possible artifacts need to be taken into account: DNase I may also bind to F-actins (Wang and Goldberg, 1978; Podolski and Steck, 1988) , while phalloidin staining of F-actin can be attenuated when cofilin interacts with the filaments (Bamburg, 1999) . The profile of G-actin plus F-actin was examined by quantifying the fluorescence of mRFPactin expressed in neurons ( Figure 1C ). G-actin and F-actin were stained by Alexa-488 DNase I and Alexa-594 phalloidin, respectively ( Figure 1D ), and their signals, together with that of the volume marker CMAC (7-amino-4chloromethylcoumarin), were then quantified along axonal shafts ( Figure 1E ). The concentration profile of G-actin (Gactin/CMAC) was roughly flat along axonal shafts ( Figure 1E ). This is consistent with the previous report that G-actin diffuses rapidly in axons (Okabe and Hirokawa, 1990) . In contrast, the concentrations of F-actin (F-actin/CMAC) and total actin (mRFP-actin/CMAC) showed prominent peaks at waves (Figures 1C and 1E) . Thus, actin waves that migrate along axons are enriched with F-actins.
F-actins in Actin Waves Undergo Directional Assembly and Disassembly with Their Polymerizing Ends Oriented toward the Neurite Tip
We further examined the dynamics of F-actins in actin waves. As reported previously (Ruthel and Banker, 1998) , F-actins in actin waves were prominent in filopodia and lamellipodia and radiated from the neurite shaft in various directions (Figure 2A ). Cortactin, which preferentially binds to newly polymerized ATP/ADP-Pi-F-actin (Bryce et al., 2005) , was mainly localized in the distal part of the filaments (Figure 2A , arrowheads). Consistent with this, live-cell imaging of mRFP-actin revealed appearance of the fluorescent signals of mRFP-actin at the tips, as well as their retrograde movement and subsequent disappearance at the rear ( Figure 2B ; Movie S2). This behavior is similar to the directional assembly and disassembly of F-actins observed at the leading edges of growth cones (Forscher and Smith, 1988; Shimada et al., 2008) and migrating cells (Pollard and Borisy, 2003) and concurs with a previous report that actin molecules in waves are exchanged between F-actin and G-actin pools (Flynn et al., 2009 ). The angle between F-actin bundles and the direction toward the neurite tip (q) ranged from À148.5 to 175.2 , with a mean value of 1.5 ± 6.3 (n = 351) ( Figure 2C ). In the range from À180 to 0 , the mean value was À59.9 ± 2.4 , while it was 69.4 ± 2.3 in the range from 0 to 180 . These results suggest that arrays of F-actins in waves undergo directional assembly and disassembly in which the polymerizing ends are, on average, oriented toward the neurite tip.
To analyze the mechanism of the F-actin flow in actin waves, neurons were treated with blebbistatin, an inhibitor of myosin II, or cytochalasin D, which inhibits actin polymerization. Both 2.5 mM blebbistatin and 1 mM cytochalasin D inhibited F-actin retrograde flow in actin waves ( Figures S2A and S2B ), suggesting that myosin II and actin polymerization contribute to the flow. We consider that actin polymerization pushes forward the leading edge membrane and produces counterforces at the membrane, thereby promoting the F-actin flow (Mogilner and Oster, 1996; Craig et al., 2012) . Similar effects of blebbistatin and cytochalasin have been reported for F-actin retrograde flow in growth cones (Medeiros et al., 2006) .
F-actins in Waves Are Mechanically Anchored to the Plasma Membrane and Adhesive Substrate
In axonal growth cones, F-actins undergo retrograde flow and are mechanically anchored to the extracellular adhesive substrate through the linker molecule shootin1 and the cell adhesion molecule L1-CAM ( Figure 3A ) (Shimada et al., 2008; Toriyama et al., 2013) . Next, we examined whether F-actins in waves are also anchored in the same way. As shown in Figure 3B , shootin1 accumulated highly in waves in close apposition to F-actins; L1-CAM was also localized there ( Figure 3C ). Fluorescent speckle imaging, which can detect molecules attached to F-actin flow as moving speckles (Shimada et al., 2008) , showed fluorescent features of EGFP-shootin1 moving retrogradely ( Figure 3D ; Movie S3), similarly to mRFP-actin in waves ( Figure 2B ). In addition, inhibiting F-actin retrograde flow with cytochalasin D also inhibited the retrograde movement of EGFP-shootin1 (Figure S3A) . These data are similar to the movement of EGFP-shoo-tin1 observed in axonal growth cones (Shimada et al., 2008) and suggest that shootin1 also interacts with F-actins in waves. A previous immunoprecipitation analysis also demonstrated an interaction between shootin1 and L1-CAM (Shimada et al., 2008) .
Previous reports showed that promotion of the mechanical coupling between F-actins and the substrate under growth cones reduces the velocity of F-actin retrograde flow, reflecting ; on the other hand, reducing the coupling accelerates the F-actin flow, reflecting increased slippage between F-actins and the substrate (Suter et al., 1998; Toriyama et al., 2013) . Reduction of shootin1 expression by RNAi increased the rate of F-actin retrograde flow in filopodia and lamellipodia of actin waves ( Figure 3E ), suggesting that this treatment led to inhibition of the coupling between F-actins and the substrate and to concomitant slippage between F-actins and the substrate. Likewise, reducing the interaction between L1-CAM and the substrate by culturing neurons on coverslips coated with polylysine alone, with which L1-CAM cannot interact specifically, led to an increase in the velocity of F-actin flow (Figure 3F ). Netrin-1 stimulation promotes the interaction between F-actins and shootin1 in growth cones through PAK1-mediated shootin1 phosphorylation (Toriyama et al., 2013) . Consistent with that observation, netrin-1 stimulation reduced the velocity of F-actin retrograde flow in waves ( Figure 3G ), suggesting that this treatment promoted F-actinsubstrate coupling and concomitantly decreased the slippage between F-actins and the substrate. These data indicate that the F-actin retrograde flow is similar in growth cones and waves and suggest that the F-actins in waves are also mechanically anchored to the plasma membrane and substrate through shootin1 and L1-CAM.
A B C
A Model for Migration of Actin and Actin-Associated Proteins along Axons Together, these results lead us to propose the following mechanism for the wave-like migration of actin and actin-associated proteins along axons ( Figure 4A ; Movie S4). F-actins in waves are anchored to the adhesive substrate through shootin1 and L1-CAM. As arrays of F-actins undergo distally oriented polymerization, the polymerizing ends push the membrane outward (gray arrows). As the membrane tension would inhibit lateral expansion of the F-actin array, the polymerizing ends translocate along the axonal shaft on the path with fewest obstacles, namely toward the growth cone ( Figure 4A , black arrow). This is accompanied by F-actin disassembly, which advances the opposite ends in the same direction. Factins also undergo rearward slippage (retrograde flow) (white arrows), because counterforces at the plasma membrane mechanically impede their migration (yellow arrows); the speed of the slippage depends on the strength of F-actin anchorage to the substrate.
Crucially, G-actins dissociating from the rear of the filaments undergo biased diffusion from this region toward the polymerizing ends, because G-actin concentration is locally elevated at the rear due to disassembly and is lower at the polymerizing ends due to assembly. Here, rapid diffusion of G-actin molecules in the monomer pool (Okabe and Hirokawa, 1990; Kiuchi et al., 2007) allows for their supply to the polymerizing ends, which thus acts as a moving sink. This directional diffusion can translocate G-actins toward neurite tips, and individual actin molecules shuttle between the polymer and monomer pools ( Figure 4A , red arrows; Movie S4).
As actin-associated proteins such as shootin1 and cortactin interact with F-actins in waves ( Figures 3D and S3B ), these pro- teins co-migrate with F-actins through a cycle of dissociation, directional diffusion, and association with the filaments ( Figure 4A , blue and green arrows; Movie S4). Based on this mechanism, we constructed a mathematical model for the wave-like migration of actin and the Factin binding protein shootin1 along the axonal shaft ( Figure 4B ; see the Supplemental Experimental Procedures). Our model consists of the following processes of actin and F-actin binding protein:
1. Arrays of F-actins anchored to the adhesive substrate undergo directional assembly and disassembly, with the polymerizing ends oriented toward the axonal tip. 2. F-actins undergo retrograde flow. 3. F-actin binding protein associates with and dissociates from F-actins. 4. G-actin and free F-actin binding protein undergo passive diffusion.
The purpose of our modeling is to determine whether the migration of actin and actin-associated proteins along axons can be explained by processes 1-4. All the model parameters are provided by previous reports or estimated from our experimental data (Table S1 ). The anterograde net movement of actin and shootin1 ( Figures 1A and S1A ), as well as their dynamics at the growth cones after the arrival of actin waves ( Figure 1B) , was successfully described by the model (Figure 4C ; Movie S5), thereby suggesting that the actin and F-actin binding proteins with the properties 1-4 can migrate directionally along the axonal shaft.
Actin Wave Migration Depends on Actin Assembly and Disassembly
In our model, the assembly and disassembly of F-actins are essential for actin wave migration. To validate this, we next disturbed actin assembly in hippocampal neurons. Cytochalasin B is thought to inhibit actin polymerization by capping barbed As the polymerizing ends of F-actins in waves face the plasma membrane (see Figure 4A ), they will receive counterforces from the membrane (yellow arrows), which in turn can be detected on the substrate through F-actin anchorage via shootin1 and L1-CAM. Forces on the substrate can be monitored as displacement of beads embedded in the substrate gel (green arrows). ends and by binding to G-actins (Goddette and Frieden, 1986; Sampath and Pollard, 1991) . As reported previously (Ruthel and Banker, 1998) , a high concentration (1 mM) of cytochalasin B caused the wave structure to collapse (data not shown).
When neurons were treated with cytochalasin B at lower concentrations (0.05 and 0.2 mM), the velocity of actin wave migration decreased in a dose-dependent manner ( Figure 5A ). Arp2/3 complex is reported to produce branched filaments at the leading edge of motile cells, while formins produce unbranched actin bundles in filopodia (Pollard, 2007; Bugyi and Carlier, 2010 ). An inhibitor of Arp2/3 complex, CK666 (100 mM) (Nolen et al., 2009) , as well as an inhibitor of formins, SMIFH2 (5 mM) (Rizvi et al., 2009 ), significantly decreased the velocity of actin wave migration, suggesting that actin assembly through these molecules plays key roles in actin wave migration ( Figures  5B and 5C ). We further modified F-actin turnover in hippocampal neurons. Cofilin is reported to increase actin turnover , either by supplying the G-actin pool for polymerization (Kiuchi et al., 2007) or by generating barbed ends (Ghosh et al., 2004) , through its F-actin-severing activity (Andrianantoandro and Pollard, 2006; Pavlov et al., 2007) . Consistent with these reports, the actin polymerization rate increased significantly in neurons expressing a dominant-active cofilin (cofilin-S3A) (Endo et al., 2003) compared to the control ( Figure S5A ). Notably, this in turn increased the velocity of actin wave migration ( Figure 5D ). Myosin II is reported to disassemble F-actins at the rear of the filaments (Medeiros et al., 2006; Wilson et al., 2010) . The myosin II inhibitor blebbistatin (2.5 mM) also reduced significantly the velocity of actin wave migration ( Figure S5B ). Because F-actin disassembly is important for supplying the G-actin pool for polymerization at the leading edge (Kiuchi et al., 2007) , we consider that F-actin disassembly by myosin II activates indirectly actin polymerization at the front, thereby promoting actin wave migration. Interestingly, and consistent with the data of Flynn et al. (2009) , blebbistatin increased the frequency of wave appearance (to 128% of control, n = 43 neurons). Taken together, these data suggest that the migration of actin waves depends on assembly and disassembly of F-actins.
Actin Wave Migration Depends on Anchorage of F-actins to the Substrate
In our model, anchorage of F-actins to the adhesive substrate also plays an essential role in actin wave migration. To validate this, we modified the anchorage in hippocampal neurons. Inhibition of F-actin anchoring to the substrate, either by shootin1 RNAi or by culturing neurons on coverslips coated with polylysine alone, reduced the velocity of actin wave migration ( Figures  5E and 5F) . In contrast, promotion of F-actin anchoring by stimulation with netrin-1 led to an increase in the velocity of actin wave migration ( Figure 5G) . Thus, the velocity of actin wave migration positively correlated with the degree of F-actin anchoring to the substrate.
Detection of Forces Accompanying Actin Wave Migration
The present mechanism further predicts the force that drives actin wave migration. The polymerizing ends of F-actins in waves are oriented toward the growth cone and also face the membrane ( Figure 4A ). Actin polymerization would push forward the leading-edge membrane Oster, 1996, 2003) , providing force for actin wave migration (black arrow, Figure 6A ). This driving force is accompanied by a counterforce on the filaments from the membrane (yellow arrow). As F-actins are linked to the substrate through shootin1 and L1-CAM, the counterforce would be transmitted to the substrate through these molecules (green arrows). Thus, we anticipated that the driving force for actin wave migration would be indirectly detectable by measuring the force on the substrate.
To detect forces under actin waves, we performed traction force microscopy (Chan and Odde, 2008; Toriyama et al., 2013) . Hippocampal neurons were cultured on L1-CAM-Fccoated polyacrylamide gels embedded with 200-nm fluorescent beads. Traction forces under actin waves were monitored by visualizing force-induced deformation of the elastic substrate, which is reflected by displacement of the beads from their original positions (green arrows). The reporter beads under actin waves moved dynamically, thereby detecting directional forces ( Figure 6B ; Movie S6). To compare the magnitude and direction of the forces under actin waves and axonal shafts, the forces under individual actin waves and shafts were expressed as vectors composed of magnitude and angle ðq 0 Þ ( Figure 6C ). The force vectors under actin waves and shafts were then averaged, and the magnitude and angle of the averaged vector were obtained. The magnitude of the averaged force vector under actin waves was 1.71 Pa (n = 35), 4.1-fold larger than that under the shafts (0.42 Pa, n = 42) ( Figures 6C and 6D) . The forces under the individual actin waves were oriented from À98.1 to 171.0 , with the averaged vector oriented opposite to the direction of actin wave migration (q 0 = 24.0 , Figures 6C and 6E ). On the other hand, the forces under the individual shafts were dispersed in various directions ( Figure 6E ). Thus, directional forces were detected on the substrate concomitant with actin wave migration. Blebbistatin treatment led to only a small decrease in the magnitude of the force ( Figure S6 ), suggesting that myosin II may not strongly pull the filaments backward.
Actin Wave Migration Is Crucial for Protrusion of Rapidly Extending Axons
Previous studies have reported that actin waves convey actin and actin-associated proteins that are essential for axonal outgrowth (Ruthel and Banker, 1998; Toriyama et al., 2006; Flynn et al., 2009 ). The majority of neurons ($80%) undergoing axonogenesis generate actin waves (Flynn et al., 2009) , and a correlation has been observed between wave arrival and axonal protrusion (Ruthel and Banker, 1999) . In addition, our previous mathematical model suggests that actin waves mediate neuronal polarization and axon outgrowth Inagaki et al., 2011) .
To directly examine the functional significance of these waves, we disturbed the migration by creating an adhesionfree stripe along the axonal shaft. Neurons were cultured on 1.5-mm-thick L1-CAM-Fc-coated polyethylene terephthalate films (adhesive substrate) overlaid on paraffin-coated glass coverslips (non-adhesive substrate) ( Figure 7A ). After axonal extension, a 15-mm-wide stripe of the adhesive substrate under the axonal shaft was removed. Consistent with the dependence of the migration on F-actin anchoring to the substrate, removal of the adhesion stripe increased the number of actin waves that were blocked or decreased in size by the adhesion-free stripe region ( Figures 7B and 7C ). However, 20% of the waves could pass the gap with no apparent reduction in size ( Figure S7 ). This variability probably results from the variation in size of actin waves ; a larger wave with longer F-actins will pass more easily across the gap. The passage of actin waves indicates that the distal part of the axons retains the ability to transport them. Figure 7D shows the elongation of individual axons with and without the adhesion gap. Without the gap, most axons elongated during the 400-min observation period, and their average outgrowth velocity was 0.13 ± 0.03 mm/min (n = 16) ( Figure 7E ). On the other hand, removal of the adhesion stripe abolished axonal extension; the average outgrowth velocity was À0.02 ± 0.02 mm/min (n = 9) ( Figures 7D and 7E) . These data thus suggest that the migration of actin waves is crucial for the protrusion of rapidly extending axons during the early stage of outgrowth.
DISCUSSION

A Mechanism for Intracellular Migration of Actin and Associated Proteins
Since the first report 35 years ago, evidence that actin and actinassociated proteins migrate within cells has accumulated. Here, we describe an intracellular transport mechanism through which the leading edge of rapidly extending axons is supplied with actin and actin-associated proteins. The widely known intracellular molecular movements utilize the motor proteins kinesin, dynein, and myosin (Vale et al., 1996; Howard, 1997; Yildiz et al., 2003) . These molecules convert the energy of ATP hydrolysis into mechanical forces to travel along cytoskeletal filaments. On the other hand, the present mechanism relies on directional actin polymerization. When F-actins that undergo directional assembly and disassembly are anchored to an adhesive substrate through linker and cell adhesion molecules, the polymerizing ends move forward. This is accompanied by F-actin disassembly, which advances the opposite ends in the same direction, thereby supplying G-actin for polymerization. Thus, arrays of F-actins, exchanging their components with the monomer pool, move toward the growth cones ( Figure 4A ; Movie S4). Such dynamic turnover of F-actins involves ATP hydrolysis on the filaments (Pollard and Borisy, 2003; Bugyi and Carlier, 2010) . Concurrent with this migration, directional counterforces were detected on the substrate under actin waves ( Figure 6 ). Actin-associated proteins co-migrate with arrays of F-actins through a cycle of dissociation, directional diffusion, and association with the filaments. Although our current model does not include a number of molecules that regulate F-actin assembly and disassembly, we think that they also actively contribute to this migration mechanism. As examples, the present data suggest that the Arp2/3 complex, formins, and cofilin, which stimulate F-actin network turnover (Ghosh et al., 2004; Kiuchi et al., 2007; Pollard, 2007) , promote actin wave migration. Our data with blebbistatin also suggest that myosin II promotes actin wave migration. Recent studies reported that myosin II disassembles F-actins at the rear of the filaments and stimulates actin turnover (Medeiros et al., 2006; Wilson et al., 2010) ; as blebbistatin treatment led to only a small decrease in the magnitude of the force, myosin II may not strongly pull the filaments backward. Interestingly, the data of Flynn et al. (2009) and our data show that blebbistatin increases the frequency of actin wave formation, suggesting that myosin II inhibits actin wave formation. Why does myosin II inhibit actin wave formation but promote its migration? These apparently discrepant data might be explained by its F-actin-disassembling activity. When myosin II acts on short F-actins in nascent waves, it may disassemble a large part of the filaments, thereby inhibiting the generation of waves. On the other hand, when myosin II acts on long F-actins in mature waves, it may stimulate F-actin assembly for wave migration by partially disassembling them.
In addition to molecules involved in the assembly and disassembly of F-actin networks, we showed here that the chemoattractant netrin-1, which enhances F-actin-substrate coupling through activation of Cdc42, Rac1, and PAK1 (Toriyama et al., 2013) , promotes actin wave migration toward the leading edge.
Actin-Wave-Mediated Protein Transport for Axonal Protrusion
Previous studies (Ruthel and Banker, 1998; Toriyama et al., 2006; Flynn et al., 2009) reported that actin waves convey not only actin but also actin-associated proteins involved in axon outgrowth and cell motility, such as shootin1, cortactin, cofilin, Arp2, ezrin, and Slingshot (Endo et al., 2003; Shimada et al., 2008; Lowery and Van Vactor, 2009; MacGrath and Koleske, 2012; Bravo-Cordero et al., 2013) . Our data show that protein transport by the present mechanism is crucial for axonal protrusion in the early stage of outgrowth.
A characteristic feature of this transport is that the actin and actin-associated proteins migrate as discrete boluses. Actin waves appear repeatedly, and their arrival causes fluctuating accumulations of the delivered proteins at the leading edge. This wave-like migration is similar to that observed in non-neuronal cells (Weiner et al., 2007; Allard and Mogilner, 2013) but distinct from more continuous protein delivery via a microtubule-based transport system (Vallee and Bloom, 1991; Hirokawa, 1998) . Intriguingly, our previous work with a quantitative mathematical model showed that an alteration in the time course of shootin1 migration from a fluctuating mode to a continuous one impaired spontaneous neuronal polarization . Thus, we consider that the wave-like manner of protein migration to the cellular leading edge is important for the cell's polarization. The details of how networks of directionally treadmilling F-actin arrays are generated and maintained during migration remain an important issue for future studies.
Actin Migration in Non-neuronal Cells and Mature Axons
The present mechanism has broad implications for the intracellular motility of actin and associated proteins. Although various theoretical models have been proposed to explain the migration of non-neuronal actin waves (Vicker, 2002b; Weiner et al., 2007; Doubrovinski and Kruse, 2008; Bretschneider et al., 2009; Whitelam et al., 2009; Carlsson, 2010b) , there are considerable similarities between the axonal actin waves and those in non-neuronal cells. As confirmed here, actin waves propagate along the axonal shaft at velocities of $2-3 mm/min (Ruthel and Banker, 1998) , which are similar to those observed in non-neuronal cells (Vicker, 2002a; Weiner et al., 2007; Case and Waterman, 2011) . In addition, both waves display sensitivity to actin-disrupting drugs (Ruthel and Banker, 1998; Weiner et al., 2007; Bretschneider et al., 2009) and are associated with the activation of molecules that promote actin polymerization (Weiner et al., 2007; Asano et al., 2008; Kakumoto and Nakata, 2013) . Furthermore, their arrival at the cellular front induces leading-edge advance (Ruthel and Banker, 1999; Weiner et al., 2007; Gerisch et al., 2012) .
Actin waves also possess features characteristic of the axonal-transport slow component b, which conveys actin and associated proteins in more mature axons (Black and Lasek, 1979; Willard et al., 1979; Garner and Lasek, 1982; Brown, 2003) , because of their similar migration velocity (Ruthel and Banker, 1998; Flynn et al., 2009 ). However, the prominent wave structure consisting of F-actins was observed preferentially during the early stage of axonal extension (Ruthel and Banker, 1998; Toriyama et al., 2006; Flynn et al., 2009) . We therefore do not yet understand the mechanism of slow component b observed in more mature axons. In addition, $20% of neurons at the early stage undergo axonal extension without propagation of the apparent wave structures (Flynn et al., 2009) . One possible explanation is that distally biased directional polymerization of F-actins, which are anchored to the substrate, may occur along the axonal shaft even in the absence of the wave structures. To test this possibility, it will be necessary to determine whether directional assembly and disassembly of F-actins along the axonal shaft can occur without the wave structures.
In conclusion, we have identified a molecular mechanism that enables translocation of actin and associated proteins toward the axonal leading edge for the cell's motility. Future detailed analyses of actin dynamics within various cell types will enhance our understanding of how actin and associated proteins migrate intracellularly to execute their functions.
EXPERIMENTAL PROCEDURES
All relevant aspects of the experimental procedures were approved by the institutional animal care and use committee of Nara Institute of Science and Technology.
Cell Culture, Transfection, and RNAi Hippocampal and cortical neurons prepared from embryonic day 18 rat embryos were cultured on glass coverslips (Matsunami) coated either sequentially with polylysine, anti-Fc antibody, and L1-CAM-Fc or with polylysine alone, as described previously (Shimada et al., 2008) . All experiments except for the measurement of forces and blockade of actin wave transport were carried out on glass surfaces. Neurons were transfected with plasmid DNA using Nucleofector (Lonza) before plating. For shootin1 RNAi experiments, we used a Block-iT Pol II miR RNAi expression kit (Invitrogen). The targeting sequences of shootin1 miRNA were reported previously (Toriyama et al., 2006 (Toriyama et al., , 2013 . Reduction of endogenous shootin1 in neurons was confirmed by immunocytochemistry with anti-shootin1 antibody. The relative shootin1 immunoreactivities in neurons expressing shootin1 miRNA #1 and shootin1 miRNA #2 were 18% (n = 28) and 22% (n = 24) of control, respectively.
DNA Constructs
Preparation of the vectors to express shootin1 has been described previously (Toriyama et al., 2006) . The vector to express yellow fluorescent protein/cofilin-S3A (cofilin dominant active mutant) was prepared as described previously (Endo et al., 2003) . Full-length cDNA of rat cortactin was amplified by PCR from a rat brain cDNA library (Clontech Laboratories) with the primers 5 0 -CTGGAT CCATGTGGAAAGCTTCTGCAGGC-3 0 and 5 0 -CTGGATCCCTACTGCCGCAG CTCCACATAG-3 0 . cDNAs were subcloned into pEGFP-C1 (Clontech Laboratories), pmRFP-C1 (Clontech Laboratories), and pAcGFP1-C1 (Clontech Laboratories). Full-length cDNA of human b-actin was cloned into the pCALNL5 vector (Riken Bioresource Center; RDB: 1826) (Kanegae et al., 1996) to produce pCAGGS-loxP-neo-loxP-EGFP-actin (pCALNL5: EGFPactin).
Protein, Antibodies, and Chemicals L1-CAM-Fc was prepared as described previously (Shimada et al., 2008) . Preparation of anti-shootin1 antibody has been described previously (Toriyama et al., 2006) . Netrin-1, Tuj1 (antibody against neuronal class III b-tubulin), anti-cortactin antibody (4F11), anti-Fc antibody, and Alexa-488 DNase I were obtained from R&D Systems, Covance, Millipore, Jackson, and Molecular Probes, respectively. Cytochalasin D, cytochalasin B, blebbistatin, and SMIFH2 were purchased from Sigma. CK666 was obtained from Enzo Life Sciences.
Immunocytochemistry and Microscopy
Cultured neurons were fixed with 3.7% formaldehyde in Krebs buffer for 10 min at room temperature, followed by treatment for 15 min with 0.05% Triton X-100 in PBS on ice and 10% fetal bovine serum in PBS for 1 hr at room temperature. They were then stained with antibodies and Alexa-594 phalloidin (Invitrogen), as described previously (Shimada et al., 2008) . To label actin monomers, neurons were treated with 5 mg/ml Alexa-488 DNase I in PBS for 30 min at room temperature after permeabilization. We also performed live-cell extraction with 0.1% Triton X-100 before fixation with 3.7% formaldehyde as a control experiment for DNase I staining, as reported previously . The live-cell extraction decreased substantially the staining by DNase I in actin waves and growth cones, in comparison to that without the treatment (data not shown), suggesting that actin monomers were retained in the cells after fixation with 3.7% formaldehyde and permeabilization with 0.05% Triton X-100.
Fluorescence and phase-contrast images of neurons were acquired using a fluorescence microscope (Axioplan2; Carl Zeiss) equipped with a chargecoupled device (CCD) camera (AxioCam MRm; Carl Zeiss) and imaging software (Axiovision3; Carl Zeiss). The monomeric GFP AcGFP and CMAC were used as volume markers. The relative fluorescence intensity of mRFP-actin, F-actin, G-actin, or CMAC was measured using MetaMorph software (MDS Analytical Technologies). Live-cell images of cultured hippocampal neurons were acquired at 37 C using a fluorescence microscope (IX81; Olympus) equipped with an electron-multiplying CCD camera (Ixon DU888; Andor), using a plan-Fluor 203 0.45 numerical aperture (NA) or 40 3 0.60 NA objective (Olympus), and MetaMorph software. The velocity of actin waves and axonal length were measured using Multi gauge software (Fujifilm). For live-cell imaging of cortical neurons in tissue slices, in utero electroporation was performed as described previously . For further details, see the Supplemental Experimental Procedures.
Fluorescent Speckle Imaging
Fluorescent speckle imaging and speckle tracking analysis were performed as described previously (Shimada et al., 2008) . The rate of actin polymerization was calculated as the sum of F-actin extension and retrograde flow (Toriyama et al., 2013) .
Traction Force Microscopy
Traction force microscopy was performed as previously reported (Toriyama et al., 2013) . The forces detected by individual beads were expressed as vectors. The force vectors detected by the beads under individual actin waves and shafts were then averaged and expressed as vectors composed of magnitude and angle ðq 0 Þ ( Figure 6C ). To compare the forces under actin waves and axonal shafts, the force vectors under individual waves and shafts were then averaged, and the magnitude and angle of the averaged vector were obtained ( Figures 6D and 6E, right) . The relative magnitude and direction of the averaged forces obtained in Figures 6D and 6E (right) are plotted by red and blue arrows in Figure 6C .
Preparation of Adhesion-free Stripes on the Substrate
Polyethylene terephthalate films (1.5 mm thick, Teijin DuPont Films, lot number 1J200151211) were overlaid on glass coverslips (Matsunami) coated with liquid paraffin (MORESCOWHITE P-150, MORESCO) (Figure 7A) . Laser pulses with a repetition rate of 1 kHz from a regeneratively amplified Ti:sapphire femtosecond laser system (Cyber Laser, Ifrite SP-1, 780 nm, 230 fs, 100 nJ/pulse) were focused on the film through a 403 objective lens (NA 0.75) and scanned on the film with a velocity of 50 mm/s. The film was locally etched in striped patterns by multi-photon laser ablation at the laser focal point. The line width was $2 mm. Isolated 15-mm-wide stripes were produced in the film by the line etching, as illustrated in Figure 7A . After the laser etching, the films were coated sequentially with polylysine plus 1% Texas-red-conjugated BSA (Molecular Probe), anti-Fc antibody, and L1-CAM-Fc; thereafter, hippocampal neurons were cultured on the films. After axonal extension, the adhesion stripe under the axonal shaft was removed manually using forceps under a stereoscopic microscope ( Figure 7A ). The pattern of adhesion-free regions was confirmed by the fluorescence of Texas-red-conjugated BSA before timelapse imaging.
Mathematical Modeling
The purpose of our mathematical modeling is to determine whether the net anterograde movement of actin and F-actin binding protein (F-actin BP), as well as their dynamics at the growth cones after the arrival of actin waves, can be explained by the following processes:
1. Arrays of F-actins anchored to the adhesive substrate undergo directional assembly and disassembly, with the polymerizing ends oriented toward the axonal tip. 2. F-actin undergoes retrograde flow. 3. F-actin binding protein associates with and dissociates from F-actins. 4. G-actin and free F-actin BP undergo passive diffusion.
We modeled the movement of shootin1 as a representative of F-actin BPs that co-migrate with actin in actin waves . All the model parameters are provided by previous reports or estimated from our experimental data (Table S1) .
For further details, see Supplemental Experimental Procedures.
Statistical Analysis
Significance was determined by the unpaired Student's t test, using Excel 2011 (Microsoft) in most cases. For multiple comparisons in Figure 5F , we used one-way ANOVA with Schaffer's post hoc test. Table S1 (A and B) Analysis of actin and shootin1 expression in cultured hippocampal neurons. Cell lysates having the indicated quantities of protein from DIV2 cultured neurons were analyzed by Coomassie Brilliant Blue (CBB) staining (A) or immunoblotting with anti-shootin1 antibody (B) (left lanes). For quantification of protein expression, we also included the indicated quantities of purified bovine serum albumin (BSA) (A) or shootin1 (B) in the same SDS-PAGE gels (right lanes). From the intensities of CBB-stained actin and BSA bands, we estimated that actin represents about 10% of the total proteins in neurons (n = 2). From the intensities of shootin1 bands, we calculated that shootin1 represents about 0.025% of the total proteins in neurons (n = 2). Thus, we estimate that the expression level of shootin1 in cultured hippocampal neurons is approximately 1/400 of that of actin.
SUPPLEMENTAL INFORMATION
(C) Analysis of actin concentration in actin waves. Profiles of relative concentration of mRFP-actin (mRFP-actin/AcGFP) in actin waves were quantified along axonal shafts of neurons expressing mRFP-actin and AcGFP. Data for individual profiles are shown as red dots (n = 4), while the black solid line is a Gaussian curve with a raised baseline (horizontal dashed black line) fitted to the data. The data indicate that the mean concentration of total actin in actin waves is 2.2 times higher than the baseline actin concentration. Fluorescence time-lapse images at 2-min intervals of a hippocampal neuron expressing AcGFP-actin and located over an adhesion-free stripe (neuron in Figure 7B ).
Arrowheads and an asterisk denote an actin wave which successfully passed the stripe and the growth cone, respectively. The dashed lines indicate the border of the adhesion-free stripe. 0 min corresponds to -140 min of Figure 7B . Bar: 10 µm. Fluorescence time-lapse movie at 2-min intervals of a hippocampal neuron expressing mRFP-actin and the volume marker AcGFP (see Figure 1A ). Frames are shown at 8 frames/sec.
Movie S2. Directional Assembly and Disassembly of F-actins in an Actin Wave, Related to Figure 2
Fluorescent speckle dynamics at 5-sec intervals of mRFP-actin in an actin wave (see Figure 2B ). Frames are shown at 10 frames/sec.
Movie S3. Shootin1 Interacts with F-actin Retrograde Flow in an Actin Wave, Related to Figure 3
Fluorescent speckle dynamics at 5-sec intervals of EGFP-shootin1 in an actin wave (see Figure 3D ). Frames are shown at 10 frames/sec.
Movie S4. A Model for the Transport of Actin and Associated Proteins along Axons, Related to Figure 4
The movie shows how actin and F-actin binding proteins migrate toward the leading edge of an axon (see Figure 4A ). To highlight the dynamics and shuttling of actin and F-actin binding proteins, G-actin and free F-actin binding proteins diffusing in the axonal shaft are not depicted.
Movie S5. Mathematical Model Data Showing the Transport of Actin and an F-actin Binding Protein by Actin Waves, Related to Figure 4
Anterograde migration of actin and the F-actin binding protein (BP) shootin1 along an axonal shaft (upper panel) and their dynamics at the growth cone after the arrival of actin waves (lower panel), calculated by the mathematical model (see Figure 4C ). 
Movie S6. Detection of Forces Associated with F-actin Migration under an Actin Wave, Related to Figure 6
Supplemental Experimental Procedures Live-cell imaging of cortical neurons in tissue slices
For live-cell imaging of cortical neurons in tissue slices, in utero electroporation was performed as described . To sparsely label neurons, mixtures of plasmids, 1 µg/µl pCAGGS-loxP-neo-loxP-EGFP-actin and 0.5 ng/µl pCAGGS-Cre, in PBS were transfected. pCAGGS-mRFP (1 µg/µl) was also added to the solution to identify the labeled region. Fast Green (0.05%) was used to monitor the injection. Forty-eight h after the in utero electroporation at E13.5, labeled brains were removed, embedded in 4% low melting point agarose in PBS, and cut into 250-µm-thick coronal slices with a vibrating blade microtome (VT1200S; Leica). The slices were then placed on a glass bottom dish (Matsunami) with a small amount of neutralized collagen gel solution [55% Collagen Type I-A (Nitta gelatin) in DMEM/F-12 medium (Sigma)], and incubated for 10 min at 37 °C in a CO 2 incubator. After addition of DMEM/F-12 medium, the dish was transferred to a temperature-and gas-controlled incubation chamber (5% CO 2 , 40% O 2 , 55% N 2 at 37 °C). Fluorescence images of neurons in the cortical slices were obtained using a confocal microscope equipped with a 20x 0.8 NA objective (LSM700, Carl Zeiss).
Mathematical modeling
Within an actin wave, G-actin polymerizes into F-actin at the distal barbed-end compartment and F-actin disassembles at the proximal pointed-end compartment ( Figure 4B middle) . F-actin BP associates with F-actin in all compartments along the filament and dissociates at the pointed-end compartment due to the disassembly of F-actin ( Figure 4B bottom) . G-actin and free F-actin BP diffuse freely through the cytoplasm. F-actin in the model represents an array of actin filaments in an actin wave, not an individual filament.
To describe actin wave migration, we set the migration velocity of an actin wave ( ), F-actin retrograde flow velocity ( !" ), and reaction rates of actin polymerization and disassembly ( ! ) as constant. In addition, we assume that, after the arrival of the F-actin barbed end at the leading edge of the growth cone, the barbed end position is fixed there, and that the pointed end position moves toward the leading edge with a low velocity (10% of actin wave velocity).
In the model axon, we denote the coordinate of the -th compartment as ! and those of the pointed-end and barbed-end compartments as ! and ! , respectively ( Figure 4B middle) . As F-actin migrates unidirectionally by means of its polymerization and disassembly, the coordinates are expressed as ! = + ! and ! = ! − !" , where represents a ceiling function, is the moving velocity of F-actin, ! is the initial position, and !" is the F-actin length.
The time derivative of molecular concentration at ! comprises two components, diffusion and biochemical reactions (polymerization and disassembly for G-actin, and association and dissociation for F-actin BP). According to Fick's law (Keener, 2002; , the diffusion component is proportional to the difference between concentrations in neighboring compartments. Considering two neighboring compartments, the dynamics of G-actin concentration ! ! , at ! can be expressed as
where ! is the diffusion coefficient of G-actin, ! is the volume at ! , !!!,! is the contact area between the − 1 -th and the -th compartments, ℎ is the distance between neighboring compartments, and ! ! , is the reaction rate by polymerization and disassembly. ! ! , and ! ! , are set as − ! and ! , respectively ( Figure 4B middle) . Equation (1) F-actin moves retrogradely at !" and is polymerized and disassembled at ! and ! , respectively. Consequently, F-actin concentrations at the pointed ( ! ! , ), intermediate ( ! ! , ; ! < ! < ! ), and barbed ( ! ! , ) compartments are formulated as
'' respectively, where the terms − ! ! , and + !" +1 , represent the F-actin outflow to and inflow from the neighboring compartment, respectively. These two terms in Equation (2)' cancel each other because their flows are the same.
In a similar way, the concentration dynamics of free F-actin BP at ! can be modeled as
where !" ! , is the concentration of free F-actin BP at ! , !" is the diffusion coefficient of F-actin BP, and !" ! , is the reaction rate by association and dissociation. F-actin BP shows association throughout the F-actin region and dissociation at the pointed-end compartment. Therefore, the reaction rate can be modeled as !" ! , = − !" for ! < ! ≤ ! and !" ! , = ℎ !" ! , for ! = ! , where !" represents the association rate of F-actin BP (Figure 4B bottom). The concentrations of F-actin BP bound to F-actin in the pointed ( !" ! , ), intermediate ( !" ! , ; ! < ! < ! ), and barbed ( !" ! , ) compartments are formulated as
!" ! , = !" − !" ! , + !" !!! ,
'
!" ! , = !" − !" ! ,
'' respectively, where the terms − !" ! , and + !" +1 , represent the outflow and inflow of F-actin BP bound to F-actin, respectively.
We performed numerical simulation of Equations (1)-(4) using MATLAB (MathWorks) by applying the fixed end condition at the initial compartment ( ! = 1 ; leftmost compartment in Figure 4B top) and the free end condition at the end of the growth cone (rightmost compartment in Figure 4B top) . The fixed end condition represents the cell body possessing sufficient pools of G-actin and F-actin BP, with constant concentrations. As the intracellular concentration of G-actin is ~100 µM , we have chosen 100 µM as a baseline G-actin concentration in the model. As the expression level of shootin1 (52.3 kDa) in cultured hippocampal neurons is approximately 1/400 of that of actin (42.0 kDa) ( Figure S4A and B), we use 0.2 µM as a representative concentration of G-actin BP. The shaft length is set to 40 µm. All the model parameters are provided by previous reports or estimated from our experimental data, as listed in Table S1 .
Table S1 | Parameters used in the mathematical model, related to Figure 4B and C.
Parameter
Value Meaning !!!,! 2 or 10 (µm 2 ) * Cross-sectional area between − 1 -th and -th compartments Figure 1D ) was 0.82 ± 0.03 µm (n = 15); thus, the cross-sectional area ( !!!,! ) in the axonal shaft (πR 2 ) was estimated as 2 µm 2 . We measured the length of the axonal shaft ( ) such that the total fluorescence intensity (volume) of the shaft is equal to that of the growth cone; the average length ( ) was 48.9 ± 3.52 µm (n = 15). Because the shaft volume can be expressed as ! , growth cone volume was
